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ABSTRACT 

    Natural gas plays an important role in the world energy market due to the continuous expansion of 
natural gas applications whether as a fuel or as a feed stock for the fertilizers and petrochemical 
industries, one of the most problem of the natural gas transportation is the drop in pressure and energy 
through the gas pipeline networks due to friction between the natural gas; this energy and pressure drop 
is restored using compressor stations, this compressors use the gas from the pipeline as fuel to make up; 
this consuming huge amount of fuel consumption to provide the required power for the compressors.  

In this paper, we introduced two type of gas pipeline networks and applied multi objective optimization 
using fuzzy approach technique to reach the optimum discharge pressure from the compressors which 
achieving minimum power and fuel consumption for the compressors in the same time achieving 
maximum gas volume line pack in the network which consider safety stocks, The results matching the 
multi optimization concept that allows for much cheaper gas transmission network management  that 
saving power without affecting the gas security and customers demand. 
 

KEYWORDS:  Multi objective Optimization, Gas Pipeline Networks, Fuzzy Approach, Compressor 
Stations.  

 
1.   INTRODUCTION 

       Natural Gas (NG) is a colorless, odorless and tasteless combustible gas. It is considered the ideal fossil 
fuel for the future because of its manifold benefits of low greenhouse gas emissions compared to other fossil 
fuels when burnt. Natural gas is also much safer to transport and store compared to other fuels. The major 
constituent of natural gas is Methane (CH4) and the other constituents are Ethane (C2H6), Propane (C3H8), 
Butane (C4H10), Pentane (C5H12), etc., inert gases and impurities like H2O, H2S, CO2, etc. which have to 
be removed before the gas is used as a fuel. 

After natural gas is refined, it is transported through interstate pipelines to the markets; this transportation 
system for carrying the natural gas through large diameter pipelines under high pressure consists of various 
components namely pipelines, valves, regulators, compressors, pressure gauges, storage facilities, etc. that 
NG is used primarily to produce heat, for our buildings, hot water, and industrial processes; it is one of the 
principal sources of energy for many of our day-to-day needs and activities. The locations of gas resources 
and consumers are often far apart so, as the natural gas is transporting through the pipeline networks, there is 
a drop in pressure and energy due to friction between the natural gas and the inner walls of the pipe and the 
heat loss due to convection; this energy and pressure drop is restored using compressor stations distributed 
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across the network; located based on the volume of flow through the pipelines and the number of 
compressors which varying from  few to large number. 

The compressors use the gas from the pipeline as fuel to make up; this gas consumption as fuel varies from 
3% to 5% of the total gas flow through the pipeline (Suming et al., 2000) [1]; this huge amount of fuel 
consumption needed to provide the required power of the transportation especially for the large gas volumes 
of gas transmitting through the network but it lead to high operating costs. Also, due to the gas pipeline not 
only serve as transportation links between producers and consumers but also represent potential storage unit 
for safety stocks; this interpret why the maximization of gas quantities in the network is taking in 
consideration. 

Finally, The NG transmission pipeline infrastructure one of the largest and most complex mechanical 
systems; so, the analysis of flow and operation condition is difficult but in the same time very important. In 
more detail, it is necessary to analyze the natural gas network before performing any optimization on their 
performance. Also, different parameters can be optimized to achieve the operational benefits. 

The optimization target is varying as Monobjective optimization which aim at achieving optimum condition 
for single objective function and Multi objective optimization targeting bi objective functions or more, and it 
reviewed as following: 

1.1 MONOBJECTIVE OPTIMIZATION REVIEW 
 

Some of the key problems of mono objective optimization are reviewed in the following literature, Surry, 
P.D., et al., 1995 optimized the piping size of gas supply networks using genetic algorithm (GA) [2]. Sun et 
al., 2000 used a software support system called Gas Pipeline Operation Advisor (GPOA) for minimizing the 
overall operating costs [3]. Carter and Rachford, 2003 generated optimization technique aimed at finding an 
optimal schedule for the line pack under uncertain demand assumptions and modifying the set point values 
of compressor stations [4]. Ríos-Mercado et al., 2006 proposed optimization for the minimum fuel cost of 
gas transmission systems via dynamic programming [5].Sanchez and Haugland, 2010 introduced 
optimization model for pipeline transmission network of natural gas using non-sequential dynamic 
programming (NDP) and Tabu search (TS) techniques, for minimizing the fuel consumption incurred by 
compressor stations [6].Sebnem Dilaveroglu, 2012 introduced optimization model for design and operation 
of natural gas transmission network for steady state natural gas transmission problem on tree-structured 
network using mixed integer nonlinear programming model (MINLP) to determine the optimum installation 
scheduling and locations of new pipelines and compressor stations [7].Ersin Fatih Gunes, 2013 introduced 
optimization model to determine optimal design of a gas transmission network focused on identifying a 
network design with lowest costs because of the high maintenance and set up costs, also determination of the 
quantity of compressor stations, the pipeline segments` lengths, the diameter sizes and pressures at 
compressor stations[8]. Gnana Shekaran Arumugam, 2015 introduced optimization model for compressor 
fuel cost minimization in steady state natural gas transportation system using mixed integer nonlinear 
program [9]. Alfredo Bermudez et al., 2015 developed mathematical model for optimization of gas 
transmission networks based on GANESO software to make some decisions about activate compressor 
stations, control valves and other control elements [10]. Zhenwu Zhang and Xiantao Liu, 2017 investigated 
an optimal operation model based on improved genetic algorithm for natural gas pipeline network, the 
maximum benefit and the maximum flow were chosen as the objective functions [11]. Tianxiao Li, 2019 
proposed optimization model for natural gas supply system planning at a transient stage, achieved optimal 
distribution strategy and minimized the total supply cost [12]. 

1.2  MULTI OBJECTIVE OPTIMIZATION REVIEW. 
In the natural gas network optimization problems, the references of multi objective optimization are rarer 
than in the mono objective case and the previous work of multi optimization can be reviewed as following. 

Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

Volume 24, Issue 11, November - 2022 170



Lewandowski et al., 2005 studied the steady state flow through simple structure network and formulated bi-
criteria optimization algorithm of running cost and maximum capacity [13]. Ruan et al., 2009 proposed bi-
optimization algorithm for design and operation of gas transmission system, the first objective function 
described the cost of construction and operation of pipelines, and the other one belonged the cost of 
construction and operation of the compressor station using mixed non-linear programming [14]. G. 
Hernandez–Rodriguez, 2011 Presented multi objective optimization for fuel consumption minimization at 
the compressor stations and gas delivery maximization Using genetic algorithm and MATLAB solver 
[15].Felipe da Silva Alves et al., 2016 developed multi objective optimization for minimization of the 
transportation fare and maximization of the transported gas volume using Pareto front method [16]. Arya et 
al., 2018 introduced a multi objective steady state ant colony optimization technique for gas pipeline 
transportation problem about minimizing fuel consumption in the compressors and maximizing the 
throughput using MOACO technique [17]. Mikhail Sukharev et al., 2019 proposed a multi objective 
optimization for maximization of quantities of natural gas to be transported and minimization of the 
transportation fare using Pareto front method [18].Andrzej J.Osiadacz et al., 2020 introduced a multi 
objective optimization for Maximization of gas network capacity Minimization running cost of compressors 
using Bi- criteria optimization technique [19]. 

This paper concerned on the high pressure gas networks under steady state conditions and  introduced a 
multi objective optimization for three objective functions of maximization of gas network capacity (line 
pack), minimization required power from compressors and minimum fuel consumption under the optimum 
choice of operating discharge pressure for compressor stations using Fuzzy approach optimization technique.  

2. MATERIALS AND METHODOLOGY 
 

2.1 PROBLEM STATEMENT    

 We have  two networks with available and given data of source flow rate and pressure, length and diameter 
of each segment, demand nodes flow rate and suction pressure of each compressor. The mathematical 
modeling applied to analyze the network through calculating of the flow rate at each pipeline segment, 
pressures at each node in the networks, line pack of gas volume in the networks, the power required for 
compressors and the fuel consumed by the compressors under operating conditions of variables discharge 
pressures from the compressors then using fuzzy approach to perform multi objective optimization to reach 
the optimum discharge pressure for the two compressors achieving the best solution of each objective 
function of  gas volume line pack maximization  in the network, minimum compressors power required and 
minimum fuel consumed by the compressors rather than the scalar solution.  
 

2.2 GOVERNING EQUATIONS 

Mathematical modeling is an efficient tools to design, operation and optimization of gas transmission 
process. The network composed of supply nodes where gas is injected into the system, demand nodes where 
gas flows out of the system, and intermediate nodes where the gas is rerouted and Pipeline segments are 
connecting between two nodes. The main goal of the natural gas network modeling is to predict flow rate 
and pressure of gas in each system's element. So, mathematical relations between the network's parameters 
are introduced to find flow rate and pressure at each element. Due to the target of this study, additional 
equations of line pack and compressor characteristics have taken in consideration. 

Gas density represents the amount of gas that can be packed in a given volume (Menon, 2005) [21].                             
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𝜌 =  𝑚
𝑉

                                                                                                 (1) 

   𝜌: Density of gas  [𝑘𝑔 𝑚3],⁄  𝑚: Mass of gas [ 𝑘𝑔] , 𝑉:Volume of gas [ 𝑚3]. 

Specific gravity of gas is a measure of how heavy the gas is compared to air at a particular temperature [21].  

𝐺 =  
𝜌𝑔
𝜌𝑎𝑖𝑟

                                                                                              (2) 

   𝐺: Gas gravity [dimensionless], 𝜌𝑔: Density of gas[𝑘𝑔 𝑚3],⁄  𝜌𝑎𝑖𝑟: Density of air [𝑘𝑔 𝑚3].⁄  

Natural gas is a mixture of pure gases such as methane and ethane .., the value of gas viscosity calculated 
from the viscosities of component gases [21]. 

𝜇 =  
Σ�𝜇𝑖𝑦𝑖�𝑀𝑖�
Σ�𝑦𝑖�𝑀𝑖�

                                                                                        (3) 

𝜇:  Dynamic viscosity of gas mixture [poise],𝜇𝑖   : Dynamic viscosity of gas component i[poise], 

𝑦𝑖: Mole fraction or percent of gas component i [dimensionless],  𝑀𝑖 : Molecular weight of gas component 
i[g/mole]. 

Molecular mass of the gas is calculated using a simple mixing rule expressed in the form of the equation 
determined as (tabkhi, 2007) [22]. 

𝑀 =  Σ 𝑀𝑖𝑦𝑖                                                                                        (4) 

 𝑀: Gas average molecular mass [g/mole], 𝑀𝑖 : Molecular weight of gas component i [g/mole],𝑦𝑖: Mole 
fraction or percent of gas component i [dimensionless]. 

Low heating value represent the quantity of energy released by mass unity of the gas during complete 
combustion. It is considered at 25°C and 1 bar in (kJ/kg) [22]. 

𝐿𝐻𝑉 =  
Σ 𝑦𝑖𝑀𝑖𝐿𝐻𝑉𝑖
Σ𝑦𝑖𝑀𝑖

                                                                             (5) 

𝐿𝐻𝑉: The low heating value of gas mixture [ kj/kg],𝐿𝐻𝑉𝑖: The mass low heating value of the molecules 
composing the gas[kj/kg],𝑦𝑖: Mole fraction or percent of gas component i[dimensionless],𝑀𝑖 : Molecular 
weight of gas component i [g/mole]. 

The compressibility factor is dimensionless parameter measure of how real gas is to an ideal gas; it is defined 
as the ratio of the gas volume at a given temperature and pressure to the volume of the gas would occupy if it 
were an ideal gas at the same temperature and pressure, it is number close to 1. For quickly calculation, 
simple equation introduced by California Natural Gas Association (CNGA) applied. 

                                      𝑍 =  
1

�1 + �
𝑃𝑎𝑣𝑔 ∗ 344400 ∗ (10)1.785 𝐺 

𝑇𝑎𝑣𝑔.
3.825 ��

                                                         (6) 
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𝑍: Gas compressibility factor [dimensionless], 𝑃𝑎𝑣𝑔: Average gas pressure[ psig], 𝐺: Gas gravity 
[dimensionless],𝑇𝑎𝑣𝑔.

 : Average gas temperature[R°]. 

 

Gas isentropic exponent estimated from the next equation according to [21]. 

𝐾 =  
Σ 𝐶𝑃𝑖  𝑀𝑦𝑖

Σ�𝐶𝑃𝑖𝑀𝑦𝑖� − 𝑅 
                                                                      (7) 

𝐾: Gas isentropic exponent [dimensionless], Σ 𝐶𝑃𝑖  𝑀𝑦𝑖   : Sum. Of constant pressure molar heat capacity of 
gas composition,  𝑅: Gas law constant [1.9872 g Cal /g mol. K°]. 

In high pressure gas transmission networks prefer to depend on Panhandle B flow equation which at average 
operating condition assumed that the friction factor can be represented by a straight line of constant negative 
slope in the moderate Reynolds number region of the Moody diagram and can be written according to API 
14 E, 5th edition as following:  

𝑄𝑔 = 0.028 𝐸 �
𝑃12 −  𝑃22

𝐺0.961𝑍 𝑇 𝐿
�
0.51

 𝑑2.53                                                     (8) 

𝑄𝑔 : Gas flowrate @ standard condition [MMSCFD], 𝐸 ∶  Efficiency factor "0.92@ average operating 
condition"[dimensionless],𝑃1 : Upstream gas pressure[psia],𝑃2 : Downstream gas pressure[psia],𝐺: Gas 
gravity[dimensionless],𝑍: Gas compressibility factor[dimensionless], 𝑇:  Temperature of flowing gas[ R°], 𝐿:  
Pipeline length[mile],𝑑: Pipeline diameter [inch]. 

The average pressure for a pipe segment with upstream pressure (P1) and downstream pressure (P2) is 
determined as:  

𝑃𝑎𝑣𝑔 =  
2
3
�𝑃1 + 𝑃2 −

𝑃1𝑃2
𝑃1 + 𝑃2

�                                                             (9) 

 𝑃𝑎𝑣𝑔: Average gas pressure [psia],𝑃1 : upstream gas pressure [psia],𝑃2 : downstream gas pressure [psia]. 

The line pack expression is the volume of gas contained or stored in the pipeline at any conditions, the value 
of line pack volume is determined as (menon2005)[21].  

𝑉𝑏 = 0.7854 �
𝑇𝑏
𝑃𝑏
� �
𝑃𝑎𝑣𝑔
𝑍 𝑇 

� (𝐷2𝐿 )                                                       (10) 

𝑉𝑏:  Volume of line pack in pipeline segment [𝑓𝑡3], 𝑇𝑏:  Base temperature[R°], 𝑃𝑏: Base pressure 
[psia],𝑃𝑎𝑣𝑔: Average gas pressure in the pipe segment [psia],  𝑍: Gas compressibility factor 
[dimensionless],  𝑇:  Temperature of flowing gas[R°], 𝐷: Pipeline diameter [ft],  𝐿:  Pipeline segment 
length[ft]. 

The compressor head is specific term consider an index of the pressure ratio across the compressor in kj/kg 
and can be expressed as following:  
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ℎ𝑖 =
𝑍 𝑅 𝑇 
𝑀

 
𝐾 

𝐾 − 1
 ��
𝑃𝑑
𝑃𝑠
�
𝐾−1
𝐾

− 1�                                                     (11) 

ℎ𝑖:  Isentropic head of compressor [kj/kg], 𝑍: Gas compressibility factor [dimensionless], 𝑅: Gas law 
constant [8.314 kj/kg mole k°],  𝑇:  Temperature of flowing gas [K°], 𝑀 : Gas average molecular mass 
[g/mole], 𝑃𝑑: The discharge pressure from the compressor[Kpa], 𝑃𝑠: The suction pressure to the 
compressor[Kpa], 𝐾: Gas isentropic exponent[dimensionless].  

The required compressor power can be obtained by multiplying the mass flow rate of compressed gas 𝑚𝑐
°  by 

the compressor isentropic head  ℎ𝑖 , then this total energy supplied to the gas is dividing by compressor 
isentropic efficiency  𝜂𝑖 , expressed as following:  

                𝑃𝑤 =  
𝑚𝑐

°ℎ𝑖
𝜂𝑖

                                                                            (12) 

𝑃𝑤 : The power required for compression [kj/s],𝑚𝑐
° : the mass flow rate of compressed gas [kg/s], ℎ𝑖:  

isentropic head of compressor [kj/kg], 𝜂𝑖: isentropic efficiency of compressor, represent the percentage 
between the ideal and the actual power. 

The mass flow rate of the consumed gas as fuel for the compression process in compressor is obtained by 
dividing the required power for compression ( 𝑃𝑤) by the mechanical efficiency ( 𝜂𝑚), driver efficiency ( 𝜂𝑑 
) and low heating value (LHV), expressed as following: 

                   𝑚𝑓
°

 
=

106 𝑃𝑊
𝜂𝑚𝜂𝑑𝐿𝐻𝑉

                                                                   (13) 

𝑚𝑓
°

 
: the mass flow rate of consumed gas as a fuel for the compression process in the compressor [kg/s],𝑃𝑊: 

The power required for compression process [kj/s],𝜂𝑚: the mechanical efficiency of compressor, it is varying 
with compressor type, size and the amount of gas passing through, 𝜂𝑑: The driver efficiency of 
compressor, 𝐿𝐻𝑉: The low heating value of gas mixture [kj/kg]. 
 

The following form of Barlow's equation is used in petroleum transportation systems to calculate the 
allowable internal pressure in a pipeline based upon given diameter, wall thickness and pipe material. 
 

                  𝑃𝑀𝐴𝑂𝑃 =  
2𝑡 𝑆𝐸𝐹𝑇𝑑

𝐷
                                                                  (14) 

 𝑃𝑀𝐴𝑂𝑃: maximum allowable operating pressure [psig], 𝑡:  Wall thickness of pipeline [inch], 𝑆: specified 
minimum yield strength "SMYS" of pipe material[psig], 𝐸: Seam joint factor [dimensionless],𝐹: Design 
factor[dimensionless], 𝑇𝑑:Temperature deration factor [dimensionless],𝐷:Outside pipeline diameter[inch]. 

2.3   FUZZY APPROACH STRATEGY 

the concepts of fuzzy sets as a basis for defining the multi-criteria decision making using the fuzzy approach 
Strategy for multi-objective optimization of natural gas networks inspired from first formulations applied by 
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Zadeh 1965 [23] and the theoretical information introduced by Dubois and Prade 1980[24],it  can be stated 
as following:  

A fuzzy set A in the space 𝑋 =  {𝑥, 𝜇𝐴(𝑥)}  can be defined as the set: 
 

                                        𝐴 =  {𝑥, 𝜇𝐴(𝑥)}       ∀  𝑥 ∈ 𝑋                                                            (15) 

𝜇𝐴 ∶ 𝑋 →  [0,1] 
 

 𝜇𝐴(𝑥) Expressed the grade of membership of x in A. 

The intersection of A and B is defined as the largest fuzzy set contained in both A and B, and is denoted 
by A ∩ B , the membership function is given by: 

 𝜇𝐴∩𝐵(𝑥) = 𝑀𝑖𝑛. (𝜇𝐴(𝑥), 𝜇𝐵(𝑥))  , 𝑥 ∈ 𝑋                                                   (16) 
 

The union of A and B defined as the smallest fuzzy set contained in both A and B, and is denoted as  A ∪ B  
, the membership function of A ∪ B is given by: 

  𝜇𝐴 (𝑥) ∪  𝜇𝐵 (𝑥) = 𝑀𝑎𝑥. � 𝜇𝐴(𝑥)  , 𝜇𝐵(𝑥)�     ,   𝑥 ∈ 𝑋                             (17) 

 

A decision is to be made by evaluating all related rules at different levels in a knowledge base. The 
evaluations are carried out according to MAX-MIN algorithm (Zimmermann, 1985) [25]. 

    𝜇𝑗(x) = 𝑀𝑎𝑥𝑖∈𝐼 �
 
 {𝑀𝑖𝑛𝑘∈𝐾 {𝜇𝑖1 (𝑥1), 𝜇𝑖2(𝑥2), … , 𝜇𝑖𝑘(𝑥𝑘), … , 𝜇𝑖𝐾(𝑥𝐾)} 

 }                 (18) 

 

 𝜇𝑗(x): The membership function of variable x in the fuzzy set relating to the rule selected to be fired at the jth 
level,    𝜇𝑖𝐾(𝑥) : The membership function of variable x in the fuzzy set. 

A decision is to be made by evaluating all related rules at different levels in a knowledge base. The 
evaluations are carried out according to MAX-MIN algorithm (Zimmermann, 1985) [25]. 

    𝜇𝑗(x) = 𝑀𝑎𝑥𝑖∈𝐼 �
 
 {𝑀𝑖𝑛𝑘∈𝐾 {𝜇𝑖1 (𝑥1), 𝜇𝑖2(𝑥2), … , 𝜇𝑖𝑘(𝑥𝑘), … , 𝜇𝑖𝐾(𝑥𝐾)} 

 }                     (19) 

 𝜇𝑗(x): The membership function of variable x in the fuzzy set relating to the rule selected to be fired at the jth 
level, 𝜇𝑖𝐾(𝑥) : The membership function of variable x in the fuzzy set. 

The MAX-MIN algorithm is implemented in two stages: 

The MIN operation yields a set of truth values (𝜏𝑖) through evaluation of the membership functions of all the 
variables as following: 

𝜏𝑖 = min. {𝜇𝑖1 (𝑥1), 𝜇𝑖2(𝑥2), … , 𝜇𝑖𝑘(𝑥𝑘), … , 𝜇𝑖𝐾(𝑥𝐾)}                                      (20) 

Then a single rule is selected by performing The MAX operation as following: 
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  𝜏 = max.{𝜏1, 𝜏2 , … … , 𝜏𝑖  }                                                                   (21) 

In our multi-objective optimization work, we have three rules are quantified by fuzzy quantities represented 
by the following membership functions: 

 

 

 

Rule (1): Maximization of gas line pack volume in the network. 

𝜇1 =

⎩
⎨

⎧
0                          𝑓 ≤ 𝑓𝑚𝑖𝑛  

𝑓 − 𝑓𝑚𝑖𝑛
𝑓𝑚𝑎𝑥 − 𝑓 𝑚𝑖𝑛

       𝑓𝑚𝑎𝑥 > 𝑓 > 𝑓𝑚𝑖𝑛

1                         𝑓 ≥ 𝑓𝑚𝑎𝑥

                          (22) 

Rule (2): Minimization of Power.   

𝜇2 =

⎩
⎨

⎧
1                          𝑓 ≤ 𝑓𝑚𝑖𝑛  

𝑓𝑚𝑎𝑥 − 𝑓
𝑓𝑚𝑎𝑥 − 𝑓 𝑚𝑖𝑛

       𝑓𝑚𝑎𝑥 > 𝑓 > 𝑓𝑚𝑖𝑛

0                         𝑓 ≥ 𝑓𝑚𝑎𝑥

                          (23) 

Rule (3): Minimization of Fuel Consumption.  

𝜇3 =

⎩
⎨

⎧
1                          𝑓 ≤ 𝑓𝑚𝑖𝑛 

𝑓𝑚𝑎𝑥 − 𝑓
𝑓𝑚𝑎𝑥 − 𝑓 𝑚𝑖𝑛

       𝑓𝑚𝑎𝑥 > 𝑓 > 𝑓𝑚𝑖𝑛

0                         𝑓 ≥ 𝑓𝑚𝑎𝑥

                          (24) 

   

 

 

2.4 CASE STUDY 

The first case study applied on branched network (See figure 1) in which the two compressors are 
independent, the flow rate in m3/hr. and pressure in Kpa at the supply node no.1 are 875,000 and 5000 
respectively, the constant suction pressures in Kpa for the two compressors are 4737 and 4623 respectively, 
and the pipeline geometry of network 1 is presented in table 1 and the demand nodes arranged in table 2. 

The second case study applied on interconnected network in which the two compressors are subscribed, the 
flow rate in m3/hr. and pressure in Kpa at the supply node no.1 are 700,000 and 4000 respectively. The 
constant suction pressures in Kpa for the two compressors are 3105 and 3209 respectively, and the pipeline 
geometry of network 2 is presented in table 3 and the demand nodes arranged in table 4. 
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Figure 1: Structure of network 1 

 
THE PIPELINE GEOMETRY OF NETWORK 1 

TABLE 1 
 

PIPELINE START NODE END NODE LENGTH (L) DIAMETER (D) 
ID UPSTREAM DOWNSTREAM m mm 
1 1 2 64,480 900 
2 2 3 53,280 900 
3 3 4 13,600 900 
4 8 9 13,280 900 
5 9 10 28,000 900 
6 10 11 6,400 700 
7 1 5 32,800 900 
8 5 6 34,080 900 
9 7 12 26,880 900 
10 12 13 10,400 600 
11 12 14 13,120 400 
12 12 15 8,640 700 
13 15 20 1,760 600 
14 20 16 1,760 700 
15 16 17 19,680 600 
16 16 18 13,920 700 
17 18 19 25,440 700 
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THE DEMAND NODES DATA OF NETWORK 1 
TABLE 2 

NODE DEMAND  NODE DEMAND  
ID m3/hr. ID m3/hr. 
1 0 11 150,000 
2 0 12 40,000 
3 30,000 13 20,000 
4 0 14 55,000 
5 50,000 15 0 
6 0 16 30,000 
7 0 17 100,000 
8 0 18 100,000 
9 30,000 19 160,000 
10 110,000 20 0 

 

Figure 2: Structure of network 2 
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THE PIPELINE GEOMETRY OF NETWORK 2 
TABLE 3 

 
PIPELINE START NODE END NODE LENGTH (L) DIAMETER (D) 

ID UPSTREAM DOWNSTREAM m mm 
1 1 2 50,000 700 
2 1 3 50,000 700 
3 3 5 100,000 700 
4 2 4 100,000 700 
5 3 2 50,000 700 
6 6 8 100,000 700 
7 7 9 100,000 700 
8 9 8 50,000 700 
9 9 10 50,000 700 
10 8 10 50,000 700 
11 2 5 50,000 700 
12 7 8 100,000 700 

 
 

 
 

THE DEMAND NODES DATA OF NETWORK 2 
TABLE 4 

 
NODE DEMAND  

ID m3/hr. 
1 0 
2 100,000 
3 100,000 
4 0 
5 0 
6 0 
7 0 
8 100,000 
9 100,000 
10 300,000 
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3.  RESULTS AND DISCUSSIONS 
 

 
The results of network 1 arranged in tables as following: 
 
 

THE SCALAR RESULTS @ VARIABLE DISCHARGE PRESSURES OF CS1 
(NETWORK1) 

TABLE 5 
 

Pd Vb Pw mf 

Kpa m3 Kw Kg/s 
4737 6,069,569 0 0 
5000 6,167,342 491 0.0320 
5759 6,456,851 1,801 0.1173 
6000 6,551,075 2,188 0.1426 
6327 6,680,704 2694 0.1755 
7294 7,076,098 4,075 0.2655 

 
 

FUZZY APPROACH APPLICATION ON FIRST BRANCH OF CS1 (NETWORK1) 
TABLE 6 

 

Pd Vb Pw mf  𝛕        𝑴𝒂𝒙. 𝝉 
Kpa 𝝁𝟏 𝝁𝟐 𝝁𝟑 
4737 0 1 1 0 

 
5000 0.0971 0.8795 0.8795 0.0971 
5759 0.3848 0.5580 0.5582 0.3848 
6000 0.4784 0.4631 0.4629 0.4629 0.4629 
6327 0.6072 0.3389 0.3390 0.3389 

 
7294 1 0 0 0 

 
 

FUZZY APPROACH OPTIMIZATION RESULTS FOR FIRST BRANCH OF CS1 
(NETWORK1) 
TABLE 7 

 

Compressor 
Station   𝑷𝒅(𝐊𝐩𝐚) 𝑽𝒃(m3) 𝑷𝒘 (𝐊𝐰) 𝒎𝒇

° (𝐊𝐠/𝐬)  

CS1 6000 6,551,075 2,188  0.1426  
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THE SCALAR RESULTS @ VARIABLE DISCHARGE PRESSURES OF CS2 
(NETWORK1) 

TABLE 8 

Pd Vb Pw mf 

Kpa m3 Kw Kg/s 
4623 4,122,266 0 0 
5000 4,357,871 938 0.0611 
5661 4,779,016 3,134 0.2042 
6000 4,999,333 4,181 0.2724 
6241 4,953,580 4,897 0.32 
7200 5,789,078 7,544 0.4915 
7294 5,869,583 7,788 0.5074 

 
 

FUZZY APPROACH APPLICATION ON FIRST BRANCH OF CS2 (NETWORK1) 
TABLE 9 

 

Pd Vb Pw mf  𝛕        𝑴𝒂𝒙. 𝝉 
Kpa 𝝁𝟏 𝝁𝟐 𝝁𝟑 
4623 0 1 1 0  
5000 0.1348 0.8796 0.8796 0.1348 
5661 0.3759 0.5976 0.5976 0.3759 
6000 0.5020 0.4631 0.4631 0.4631 0.4631 
6241 0.4758 0.3712 0.3711 0.3711  
7200 0.9539 0.0313 0.0313 0.0313 
7294 1 0 0 0 

 
 

FUZZY APPROACH OPTIMIZATION RESULTS FOR FIRST BRANCH OF CS2 
(NETWORK1) 

TABLE 10 
 

Compressor 
Station   𝑷𝒅(𝐊𝐩𝐚) 𝑽𝒃(m3) 𝑷𝒘 (𝐊𝐰) 𝒎𝒇

° (𝐊𝐠/𝐬)  

CS2 6000 4,999,333 4,181 0.2724  
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SUMMARY RESULTS OF NETWORK 1 
TABLE 11 

 
Compressor Station   suction pressure (Kpa)  Discharge pressure(Kpa)  

Scalar solution - power minimization 

CS1 4737 5000 

CS2 4623 5000 

Scalar solution - line pack maximization 

CS1 4737 7294 

CS2 4623 7294 

Scalar solution - fuel consumption 

CS1 4737 5000 

CS2 4623 5000 

Multi objective optimization by Fuzzy Approach 

CS1 4737 6000 

CS2 4623 6000 
 

The results of network 2 arranged in tables as following: 
 

THE SCALAR RESULTS @ VARIABLE DISCHARGE PRESSURES OF NETWORK 2 
TABLE 12 

 

   Pd (Kpa)           Vb Pw (Kw)     mf (Kg/s) 

CS1 CS2           m3 CS1 CS2 CS1 CS2 
3105 3209 10,970,184 0 0 0 0 
3457 3540.2 11,697,778 591 1,102 0.0183 0.0342 
3809 3871.4 12,434,589 1,135 2,124 0.0352 0.0659 
4161 4202.6 13,179,227 1,641 3,078 0.0509 0.0956 
4513 4533.8 13,933,410 2,113 3,975 0.0656 0.1234 
4865 4865 14,704,314 2,557 4,820 0.1666 0.3140 
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THE SCALAR RESULTS GATHERING @ VARIABLE DISCHARGE PRESSURES OF 
NETWORK 2 

TABLE 13 
 

   Pd (Kpa)           Vb Pw  mf 

CS1 CS2 m3 Kw Kg/s 
3105 3209 10,970,184 0 0 
3457 3540.2 11,697,778 1,693 0.0525 
3809 3871.4 12,434,589 3,259 0.1011 
4161 4202.6 13,179,227 4,719 0.1465 
4513 4533.8 13,933,410 6,088 0.1890 
4865 4865 14,704,314 7,377 0.4806 

 

FUZZY APPROACH APPLICATION ON NETWORK 2 
TABLE 14 

 

Pd ( Kpa) Vb Pw mf  𝛕        𝑴𝒂𝒙. 𝝉 
CS1 CS2 𝝁𝟏 𝝁𝟐 𝝁𝟑 
3105 3209 0 1 1 0  

 
3457 3540.2 0.1948 0.7705 0.8908 0.1948  
3809 3871.4 0.3922 0.5582 0.7896 0.3922 0.3922 
4161 4202.6 0.5916 0.3603 0.6953 0.3603  
4513 4533.8 0.7936 0.1747 0.6068 0.1747  
4865 4865 1 0 0 0  

 

FUZZY APPROACH OPTIMIZATION RESULTS FOR NETWORK 2 
TABLE 15 

 

Compressor 
Station   𝑷𝒅(𝐊𝐩𝐚) 𝑽𝒃(m3) 𝑷𝒘 (𝐊𝐰) 𝒎𝒇

° (𝐊𝐠/𝐬)  

CS1 3809 
12,434,589 

1,135 0.0352 

CS2 3871.4 2,124 0.0659 

 

 

SUMMARY RESULTS OF NETWORK 2 
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TABLE 16 

Compressor Station   suction pressure (Kpa)  Discharge pressure(Kpa)  

Scalar solution - power minimization 

CS1 3105 3457 

CS2 3209 3540.2 

Scalar solution - line pack maximization 

CS1 3105 4865 

CS2 3209 4865 

Scalar solution - fuel consumption 

CS1 3105 3457 

CS2 3209 3540.2 

Multi objective optimization by Fuzzy Approach 

CS1 3105 3809 

CS2 3209 3871.4 

 

 The results analysis of the tested networks sure the concept of the compressor benefit about increasing the 
volume of gas stored in the pipe line as the discharge pressure increased, in the same time increasing in 
power required and fuel consumption of compressor stations. Also, the results of the tested networks 
supported this paper scope that in each case, the multi objective optimization performed by fuzzy approach 
was lower than the value of arithmetic average of the objective functions of maximizing line pack, 
minimizing power and fuel consumption (see table 17), and it will be clear when we develop a common 
indicator to measure the usefulness of the application of the multi objective optimization, this common 
indicator is power of compressors. The power saving for the tested networks are 4% and 28% respectively 
(see figure 3), and the difference increases as the dimension of the network increases.  

 

 

 

 

 

 

FUZZY MULTI OBJECTIVE OPTIMIZATION BENEFITS ANALYSIS  
TABLE 17 
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NETWORK 1 

Obj. function Pd Pw @ Pd Total Pw Arithmetic average 

Max. line pack 
CS1 7294 4075 

11863 

6646 
CS2 7294 7788 

Min. Power  & fuel 
consumption 

CS1 5000 491 
1429 

CS2 5000 938 

Fuzzy 

 Multi objective 

Optimization 

CS1 6000 2188 

6369  
CS2 6000 4181 

DIFFERENCE = 6646-6369= 277 ( 4% ) 

NETWORK 2 

Max. line pack 
CS1 4865 2557 

7377 

4535 
CS2 4865 4820 

Min. Power  & fuel 
consumption 

CS1 3457 591 
1693 

CS2 3540.2 1102 

Fuzzy 

 Multi objective 

Optimization 

CS1 3809 1135 

3259  
CS2 3871.4 2124 

DIFFERENCE = 4535-3259 = 1276  ( 28% ) 
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Figure 3: Fuzzy Multi objective optimization power saving clarification 

4.   CONCLUSIONS 

In this paper, we developed a new steady state model for finding the optimal operating discharge 
pressures of the compressors station, the results of the study confirm that multi objective 
optimization allows for much cheaper gas transmission networks management without affecting the 
gas security and customers demand. In the future, performance of multi objective optimization by 
fuzzy approach for the transient flow model could be recommended.   
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5. NOMENCLATURE 
 

Symbol Meaning 

ρg  Density of gas 

M Mass of gas 

V Volume of gas 

G Gas gravity 

𝜌Rair Density of air  

µ Dynamic viscosity of gas mixture 

µi Dynamic viscosity of gas component i 

y i Mole fraction or percent of gas component i 

Mi Molecular weight of gas component i 

LHV The low heating value of gas mixture. 

LHV i The mass low heating value of the molecules composing the gas.   

Tavg  Average flowing gas temperature 

Pavg. Average gas pressure in the pipeline  

Qg Gas flow rate  

P1 Upstream or start node of pipe  pressure  

P2 Downstream or start node of pipe  pressure  

L Gas Pipeline length  

D Gas pipeline diameter  

Pb Base pressure (1.01325 bar , 14.7 psia, )  

Tb Base temperature ( 60 F°, 520 R°) 

MAOP Maximum Allowable Operating Pressure 

T Pipeline wall thickness  

S Specified minimum yield strength of pipe  

E Seam joint factor of pipe 
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Td Temperature deration factor 

F Design factor 

Vb Line pack volume of gas in the pipeline  

h i  Compressor head  

R Gas law constant  

K  The isentropic exponent  

Pd Discharge pressure of compressor 

Ps Suction pressure of compressor  

Pw  Compressor power  

mf Mass flow rate of compressed gas  

𝜂𝑖 Compressor isentropic efficiency 

𝜂𝑚 Compressor mechanical efficiency 

𝜂𝑑 Compressor driver efficiency  
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	Some of the key problems of mono objective optimization are reviewed in the following literature, Surry, P.D., et al., 1995 optimized the piping size of gas supply networks using genetic algorithm (GA) [2]. Sun et al., 2000 used a software support sys...



